Abstract The heat capacity of wood and its constituents is important for the correct evaluation of many of their thermodynamic properties, including heat exchange involved in sorption of water. In this study, the dry state heat capacity of cellulose, hemicelluloses and lignin are mathematically described by fundamental physical theories relating heat capacity with molecular vibrations. Based on knowledge about chemical structure and molecular vibrations derived from infrared and Raman spectroscopy, heat capacities are calculated and compared with experimental data from literature for a range of bio-and wood polymers in the temperature range 5-370 K. A very close correspondence between experimental and calculated results is observed, illustrating the possibility of linking macroscopic thermodynamic properties with their physical nano-scale origin.
Introduction
The heat capacity of biopolymeric substances such as wood and its constituent polymers is one of the basic thermodynamic properties, which is important for correctly calculating other thermodynamic parameters such as enthalpy and entropy in processes. For instance, knowing the heat capacity is fundamental for evaluating heat exchange involved in sorption of water. Thus, a correct mathematical description of heat capacity underpins the evaluation of a whole range of other important properties of wood. Heat capacity is a macroscopic property of materials; however, its physical origin is molecular vibrations at the nano-scale. This makes it a property that is perhaps easier to accurately measure experimentally than to accurately describe theoretically, since the latter requires fundamental knowledge of chemical structure and nano-scale behaviour of the material. The heat capacity of wood and its variation with moisture content and temperature has for more than a century been examined experimentally and several mathematical regression lines have been proposed for predicting it [1] . While such regression lines can be useful for engineering purposes, they offer no explanation or hint to the physical nano-scale origin of heat capacity, and the mechanisms causing its variation with moisture content and temperature. Several researchers have tried to examine the subject closer, e.g. Hatakeyama et al. [2] investigated heat capacity of cellulose, and Karachevtsev and Kozlov [3] attempted a mathematical description of it by some of the theories presented in this study. Nonetheless, a mathematical description of the heat capacity of wood and its constituents linking heat capacity with its physical nanoscale origin has hitherto not been presented.
In this study, the heat capacity of wood polymers will be examined from available experimental data from various literature sources. Based on knowledge about chemical structure and molecular vibrations derived from infrared and Raman spectroscopy, the heat capacity will be theoretically described using the approach of Wunderlich and co-workers [4] [5] [6] [7] . For decades, they have examined the heat capacity of various polymers and explained their results by fundamental physical theories. This study reports the theoretical basis and heat capacity of dry wood constituents, whereas forthcoming publications will examine the heat capacity of wood itself and effects of moisture.
Heat capacity and molecular vibrations
The heat capacity of solid materials, i.e. the amount of energy needed to increase the temperature of a material, depends on the capacity for storing vibrational energy for instance as molecular vibrations in covalent bonds. The heat capacity of solid materials is often measured experimentally under constant pressure and denoted c p . It is typically reported as (J/mol K) or (J/g K). The heat capacity of metals and some other materials can be described purely by molecular vibrations. For polymers, the situation is more complex since the heat capacity is based on both molecular vibrations as well as largeamplitude conformational motion, e.g. internal rotation of flexible polymers [4] . In general, the overall heat capacity at constant pressure, c p (J/mol K) can be determined as the sum of three contributions
where c vib , c ext and c conf are the vibrational, external and conformational contributions, respectively. All of these have the same unit as c p .
The vibrational contribution, c vib is related to molecular vibrations of the solid material. Einstein [8] described these vibrations by an assembly of one-dimensional harmonic oscillators; each atom having three motional degrees of freedom and thus each atom corresponding to three oscillators. For such assemblies the heat capacity as function of temperature is found as 
The contribution of known vibrations, for instance group vibrations found by infrared and Raman spectroscopy, can be calculated by Eq. (2) if a single frequency can be assigned to the vibration. For some vibrations, however, a frequency range is needed to describe a particular vibration. In this case, a uniform distribution is often assumed between an upper limit (H U ) and a lower limit (H L ), and the contribution to the heat capacity can be found as
where D 1 is the temperature derivative of the one-dimensional Debye function Eq. (5). For narrow frequency distributions, this reduces to the Einstein model Eq. (2). The external contribution, c ext is due to thermal expansion of the material. Since the other contributions relate to heat capacity at constant volume, c ext takes into account the deviation between c p and c v . Analogous to the constant difference between c p and c v of R (= 8.3145 J/ mol K) for ideal gases, the deviation between c p and c v for solid materials can be found as 
where A 0 = 0.0039 mol K/J [14] , and T m (K) is equilibrium melting (glass transition) temperature of the chemical substance. A 0 is given per mole of vibrating atoms. Based on experimental data for c p at given temperatures, Eq. (10) can be rearranged and c v and subsequently c ext can be calculated.
The conformational contribution, c conf is related to largeamplitude conformational motion of polymeric segments, e.g. rotation of chemical groups or the polymeric backbone [4] , and it can be found by statistical mechanics [15, 16] . The basic simplifying assumption is that the conformational states of bonds, flexible segments or repeating unit can exist in two different states: the ground state and an excited state of higher energy than the ground state. From this assumption, the conformational contribution can be calculated. For noncooperative rotations in polymers, i.e. where rotation of one bond or segment does not influence that of its neighbours, the conformational contribution [16, 17] is given by
where C is degeneracy ratio, i.e. ratio of number of available excited states to that of available ground states, n is number of mobile chain units per repeating unit and H C (K) is temperature associated with change in conformation given as
where e 2 and e 1 (J/mol) are energies of excited and ground states, respectively, and N A (mol -1 ) is Avogadro's constant. For cooperative rotations, i.e. where neighbouring segments influence rotations of the segment in question, the heat capacity contribution can be described by [15] 
where where
where B (J/mol) is difference in energy level between excited and ground states, and A (J/mol) takes into account the cooperativity of neighbouring segments.
Experimental data and calculation method
The experimental data used in this study to correlate heat capacity and molecular vibrations are taken from various literature sources and shown in Table 1 . No experimental data could be found for wood hemicelluloses. Therefore, a range of variously sized sugar oligomers are included, Table 1 . The computer software MATLAB R2012b was used for all numerical calculations.
For all substances, a proper molecular unit representing each polymer is selected. For cellulose, half a cellobiose unit is used, whereas lignin is attempted modelled using a simple coniferyl alcohol. For hemicelluloses, the molecular units of galactoglucomannan and arabinoxylan as given by Sjöström [18] are used. For the small sugar oligomers, the entire molecules are selected as molecular units. Based on molar mass of each molecular unit, the experimental data are converted to (J/mol K). The first step in evaluating the different heat capacity contributions is conversion of experimental c p to c v by Eq. (10) using T m given in Table 1 .
The vibrational contribution from group vibrations, c vib (group) is determined from vibrational spectra for each molecular unit. These are illustrated in Fig. 1 for the four main wood polymers: cellulose, glucomannan, xylan and lignin. The various vibrations have been selected in accordance with literature sources quoted in Table 2 . In Fig. 1 and Table 2 , vibrational frequencies along with the number of oscillators for each molecular unit are given. For cellulose, the selected molecular unit (C 6 H 10 O 5 ) contains 21 atoms, and therefore its total number of oscillators is 63.
Of these, Table 2 identifies 42 group vibrations, whereas the remaining 21 vibrations are skeletal vibrations. Group vibrations designated in Table 2 by a frequency range are modelled by Eq. (8), while those with a single assigned frequency are modelled by Eq. (2). By subtracting c vib (group) from the converted experimental c v , the vibrational contribution from skeletal vibrations, c vib (skeletal) is evaluated. At temperatures below 200 K, the skeletal contribution dominates and this is found by fitting Eq. (6) to the c v -c vib (group) data in the 5-200 K range in accordance with Pyda [4] . If the remaining difference c v -c vib (group) -c vib (skeletal) is significant at temperatures above 200 K, conformational contributions are calculated. As a last step, the total calculated c v including group, skeletal vibrations and potentially conformational contributions is converted to c p by use of Eq. (10) for direct comparison with experimental c p data.
Results and discussion
In the following, the experimental data points are so close that they are illustrated by continuous lines rather than by individual markers.
In Fig. 2 , experimental and calculated heat capacities of microcrystalline cotton cellulose are shown along with contributions from group and skeletal vibrations; the latter based on Debye temperatures from Table 3 . A very close correspondence between experimental and calculated results is seen similar to that found for organic polymers [19] . It is clear that skeletal vibrations mainly contribute in the 5-200 K range, whereas the change in heat capacity with temperature above 250 K is due to group vibrations. This change in behaviour from one dominated by skeletal to group vibrations is typical [5, 19] , since the previous The equilibrium melting (glass transition) temperature, T m is taken from [20, [36] [37] [38] [39] [40] a Despite its amorphous nature, molecular modelling and experimental results [41] indicate that the glass transition temperature is similar to that of crystalline cellulose have vibrational frequencies in the lower frequency range. Therefore, these vibrations are excited before the group vibrations. No conformational contribution is needed to accurately describe the heat capacity in Fig. 2 , presumably due to restrictions on conformational motions of aggregated crystalline polymers.
The very close correspondence between experiment and theory is also seen for heat capacities of other types of cellulose and lignin shown in Fig. 3 . Skeletal vibrations of cellulose in Fig. 3b, d have been calculated using average Debye temperatures for microcrystalline cotton cellulose and wood sulphite cellulose, given in Table 3 , while skeletal vibrations of lignin in Fig. 3f have been modelled by Debye temperatures for cupro-ammonium lignin, also in Table 3 . This is because the experimental data for these substances include the temperature range 5-80 K, and therefore presumably yield more reliable estimates of skeletal vibrations. This does not, however, affect the calculated results significantly. Debye temperatures in Table 3 for skeletal vibrations of the crystalline polymers share many similarities. For instance, they are all dominated in terms of fraction of vibrations by H 1 and have H 2 = H 3 which is typical for linear macromolecules [5] . This is somewhat surprising for lignin, which is not a linear polymer. Furthermore, the Debye temperatures are reasonably similar between the different polymers with H 1 = 873.5 ± 41.8 K, H 2 = H 3 = 97.8 ± 17.4 K for all crystalline polymers.
The only significant deviations between experimental and calculated results are seen for amorphous cellulose in Fig. 3c above 235 K, where the experimental c p is increasingly larger than calculated results as temperature increases. This is in line with observations made by Hatakeyama et al. [2] and Uryash et al. [20] . Furthermore, experimental data for amorphous cellulose in the 80-200 K temperature range is best fitted with skeletal vibrations described by only a uniform frequency distribution, i.e. H 2 = H 3 = 0, and H 1 = 895.2 K. Similarly, Pyda [21] found that the skeletal vibrations of amorphous, dry starch deviated from H 2 = H 3 , however, three non-zero Debye temperatures were needed to describe the skeletal contribution. These deviations from the behaviour of crystalline polymers can perhaps be ascribed to the amorphous nature of the starch and cellulose investigated. However, since experimental data for the latter lacks below 80 K, the fit is uncertain. Nonetheless, if Debye temperatures for microcrystalline cellulose are used, little difference is seen in the fit to experimental data, Fig. 4 . In both cases, some of the experimental data remains unexplained which is also the case for amorphous, dry starch above 250 K [21] . The unexplained part, c v (other) is illustrated in Fig. 5 and is attributed to conformational motion due to a greater mobility of bonds and/or polymer segments [4, 15] of amorphous cellulose compared with crystalline cellulose.
Conformational motion is often linked with glass transition, where polymer mobility increases significantly seen as viscous mechanical behaviour and an increase in heat capacity. However, even below the glass transition point, secondary transitions can be seen with mechanical and Fig. 1 Vibrational spectrum of selected molecular units for a cellulose, b galactoglucomannan, c arabinoxylan and d lignin illustrating both skeletal and group vibrations. *For galactoglucomannan an average value for the number of vibrators for each vibration is used based on an equal distribution of R = CH 3 CO and R = H dielectric spectroscopic techniques [22] . Whereas glass transition itself is referred to as the a-relaxation, secondary relaxations are termed b-, c-and d-relaxations dependent on their temperature proximity to the a-relaxation. Secondary relaxations have been found in both cellulose and lignin in their native form [23] . For the latter, b-relaxation is found in the 153-223 K temperature range centred around 187 K [23] , and can be attributed to OH-group mobility [24] . Thus, this motion may already be at least partly included as OH-vibrations in the heat capacity calculations, and might explain why no conformational contribution is needed to explain the experimental data of lignin. Crystalline and amorphous cellulose exhibit two secondary transitions in the 103-273 K range [23] : c-relaxation around 150 K and b-relaxation around 213-253 K [25] [26] [27] . These are related to rotational motion of CH 2 OH-groups relative to the sugar rings and rotation of the glycosidic C-O-C bond between neighbouring sugar rings, respectively [22, 25, 26] . The intensity of these transitions when measured with dielectric spectroscopy is, however, considerably larger for amorphous than for crystalline cellulose. For instance, one study shows that amorphous cellulose would have a b-relaxation intensity of 4-5 times greater than that for wood cellulose with 67 % crystallinity [28] . Thus, while crystalline cellulose might Table 3 Debye temperatures and associated number of skeletal vibrations Based on data from [30, [32] [33] [34] [35] for the range 1-200 K a The skeletal contribution for amorphous wood cellulose was evaluated both by fitting Eq. (6) to experimental data in the 80-200 K range and using Debye temperatures for microcrystalline cotton cellulose experience an increase in conformational motion, this effect is considerably greater for amorphous cellulose. This can then explain why conformational contributions are only significant for amorphous and not for crystalline substances. The two secondary transitions of amorphous cellulose have been characterised by energy differences between ground and excited states of 7-9 and 4-8 kJ/mol for the c-and b-relaxations, respectively [25] [26] [27] . The previous shows no cooperativity and has a degeneracy ratio, C of 2/1, i.e. two excited states and one ground state. The latter shows cooperativity with C = 4/1 [25] . The influence of cooperative and noncooperative motions on the heat capacity was fitted using C = 2 and 4, respectively, and varying the energy differences H C , H A and H B without constraints. Figure 5 illustrates the best fit to c v (other) when using Debye temperatures for either microcrystalline cellulose (Fig. 4a) or amorphous cellulose (Fig. 4b) to describe the skeletal vibrations. In the latter case, no good fit to c v (other) could be achieved, indicating that amorphous cellulose is in fact characterised by the same skeletal vibrations as crystalline cellulose. The best fit was achieved with a contribution from combined non-cooperative and cooperative motion with H C = 1358.6 K (11.3 kJ/mol), H A = -1308.1 K (-10.9 kJ/mol) and H B = 2120.2 K (17.6 kJ/mol) or with only cooperative motions described by H A = -921.6 K (-7.7 kJ/mol) and H B = 1745.3 K (14.5 kJ/mol). In both cases, the overall energy barrier H A ? H B was around 818 K (6.8 kJ/mol) in line with values for the b-relaxation [25] . The value of H C is outside the range given in Montes and Cavaille [26] , however, as indicated in Fig. 5 , the cooperative motion described by only H A and H B fits the unexplained c v (other) equally well as the combined cooperative and non-cooperative motions described by H A , H B and H C . Non-cooperative motion alone was unable to explain c v (other) as seen clearly in Fig. 5 . Thus, the conformational contribution to amorphous cellulose heat capacity is dominated by the cooperative motion of the brelaxation, perhaps with a small influence of non-cooperative motion from the c-relaxation. Figure 6 shows the different heat capacity contributions and overall fit between experimental and calculated results for amorphous cellulose. A nearly perfect fit to experimental data is seen in the entire temperature range.
A significant part of wood is made up by hemicelluloses, for softwood primarily arabinoxylan and galactoglucomannan. Despite lack of experimental data for these compounds, it is possible to predict their heat capacity based on estimates of the various contributions from skeletal and group vibrations as well as conformational Fig. 3 Calculated and experimental c p for a-d cellulose of various origin, and e, f lignin extracted by two different methods. Based on data from a-c [30] , d [31] , e, f [35] motion. The external contribution is as for the other compounds found by Eq. (10) . In the temperature range 1-400 K, the different contributions have been calculated and results are shown in Fig. 8 . In order to compare the different wood constituents, contributions are only shown as (J/g K). The skeletal vibrational contribution of the hemicelluloses is found by fitting experimental data for microcrystalline cotton cellulose in the 5-200 K range with Eq. (6) after subtraction of the cellulose group vibrational contribution. This is due to the close similarity of heat capacities for the various sugar polymers seen in this temperature range in Fig. 7 . This results in almost similar H 2 = 166.5-167.2 K and H 3 = 61.9-62.6 K while H 1 was found to 666.5 K and 634.1 K for glucomannan and xylan, respectively. While this fitting is not based on actual experimental data for any of the two hemicelluloses, the Debye temperatures are not far from those reported for dry, amorphous starch [21] of H 1 = 795.5 K, H 2 = 159 K and H 3 = 58 K.
The group vibrational contribution to the heat capacities of glucomannan and xylan was calculated based on vibrational spectra given in Fig. 1 and Table 2 . Secondary transitions attributed to rotation of CH 2 OH-groups in Fig. 4 Calculated c p and c v for amorphous cellulose based on contributions from group vibrations as well as from skeletal vibrations described by Eq. (6) for a microcrystalline cotton cellulose, and b the amorphous cellulose itself. Experimental data included for amorphous wood cellulose from [30] . c v (other) constitutes the unexplained difference between experimental and calculated results hemicelluloses have been reported for dry wood around 175 K [29] . The conformational contribution to the heat capacity is therefore calculated by Eq. (11) using H C = 1149.4 K as for amorphous cellulose. For the glucomannan molecular unit, four such groups are found, i.e. n = 4 in Eq. (11), while only one is present in the xylan molecular unit. No secondary transition related to brelaxation is observed in the temperature range 120-280 K when wood is completely dry [29] . Introduction of slight amounts of moisture (0.5-0.7 % moisture content) does, however, result in b-relaxation around 220-240 K. This indicates that rotation of sugar rings relative to neighbouring rings is restricted for in situ hemicelluloses in completely dry wood. Nonetheless, an additional conformational contribution is assumed in this study for both glucomannan and xylan described by similar values of H A and H B as for amorphous cellulose. While the actual values for glucomannan and xylan undoubtedly differ from these, the conformational contribution from b-relaxation is likely of similar magnitude.
The total heat capacity for all four major wood constituents is shown in Fig. 8a , and although the curves look quite similar, the composition between different contributions vary slightly between constituents as seen in Fig. 8b-d . This overall similarity in heat capacity can of course be attributed to similarity in chemical structure, with the slight variations being due to small differences in vibrational spectra seen in Fig. 1. From Fig. 8b-d it is clear that the skeletal and group vibrations dominate, while the conformational contribution is close to negligible. This is of course only true for polymers in the solid state, whereas the contribution is highly significant in the liquid state, i.e. above the melting temperature of the polymer.
In general, the close correspondence between experimental and calculated results shown in this study for a range of biopolymers in their dry state, illustrates the possibility of describing heat capacities of complex macromolecules by fundamental physical theories, thus linking macroscopic thermodynamic properties with their physical nano-scale origin. Moreover, it provides a baseline for evaluating effects of water on the heat capacity of wood.
Conclusion
Heat capacities in the dry state of the four major wood constituents: cellulose, glucomannan, xylan and lignin have been mathematically described using fundamental physical theories relating heat capacity with molecular vibrations. Based on knowledge about chemical structure and molecular vibrations derived from infrared and Raman spectroscopy, heat capacities have been calculated and compared with experimental data from literature for a range of bio-and wood polymers in the temperature range 5-370 K. A very close correspondence between experimental and calculated results has been observed, hereby illustrating the possibility of linking macroscopic thermodynamic properties with their physical nano-scale origin. No experimental data for glucomannan and xylan were available, but based on findings for cellulose and other variously sized sugar polymers, the heat capacities of these substances were predicted. 
